Pressure-driven membranes with high porosity can potentially be fabricated by removing template, such as low water stability metal-organic frameworks (MOFs) or other nanoparticles, in polymeric matrix. We report on the use of benign MOFs as green template to enhance porosity and interconnectivity of the water treatment membranes. Significantly enhanced separation performance was observed which might be attributed to the mass transfer coefficient of the substrate layer increased in ultrafiltration (UF) application.
W
ith the increasing world population, the demand for clean drinking water also increases exponentially 1 . One of the most challenging global problems affecting many countries around the world is clean water shortage and thus growing concerns over the access to safe drinking water 2 . To meet this challenge, membrane-based water treatment processes have become one of the most energy efficient and most reliable technologies for supplying water 3, 4 . Compared to conventional thermal distillation processes, membrane-based water treatment processes have relatively lower energy consumption, improved cost effectiveness, and ensuring a more sustainable production of drinking water in the future 2, 5 . Hence, membrane-based water treatment processes have been employed in a wide range of applications such as oil/water separation [6] [7] [8] [9] [10] wastewater treatment [11] [12] [13] [14] , water purification [15] [16] [17] , seawater desalination [18] [19] [20] [21] , food processing [22] [23] [24] , and valuable product recovery [25] [26] [27] [28] [29] [30] . In pressure-driven membrane processes, such as ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO), an external pressure is applied on the solution at one side of the semi-permeable membrane, which serves as a driving force to separate water effectively from the pollutant in the feed solution 31, 32 . In general, the permeate flux of water, J v is directly related to the driving force, DP, times the water permeability coefficient, A. The water permeability coefficient is mainly determined by the membrane structure, such as porosity, pore diameter, and tortuosity. In theory, an ideal membrane is expected to have highly porous but very thin and low tortuosity structure. Therefore, higher porosity of membrane will result in higher water permeability coefficient and therefore the higher flux of the membrane processes. Previous studies showed that a variety of additives such as LiCl, polyvinylpyrrolidone (PVP), polyethylene glycol (PEG) were added into the polymer dope solution in order to promote the pore formation 33 . However, all these additives can easily dissolve in the polar organic solvent such as dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP), and was removed during the nonsolvent induced phase inversion (NIPS), which resulted in lower porosity. Alternatively, mixed matrix membrane (MMM) is an emerging strategy to enhance several intrinsic membrane properties of pressure-driven membranes. For example, water permeability, anti-fouling property, thermal and mechanical stability of pressure-driven membranes can be potentially enhanced by incorporating nanomaterials such as zeolite [34] [35] [36] [37] [38] [39] [40] , silica nanoparticle [41] [42] [43] , titanium oxide nanoparticle 44 , and silver nanoparticle 45, 46 . However, poor dispersion of the filler in the polymer matrix and incompatibility issue between the polymer and filler might result in poor selectivity of the MMMs 47, 48 . Herein, we proposed the use of benign metal-organic frameworks (MOFs) as green template for the formation of macropores to enhance porosity and interconnectivity of the water treatment membranes.
Our basic idea is to construct a porous matrix membrane (PMM) using MOF particles as template, which initially cannot dissolve in the polar organic solvent but can be easily washed away by water. We believe that our strategy might potentially further improve the porosity of the membranes after removal of these particles (Figure 1 ). In addition, compared to conventional etching methods, such as the removal of silica nanoparticle by hydrofluoric acid or the removal of gold nanoparticle by potassium iodide, our strategy uses water as the etching solution, which is low cost, environmental-friendly and easily available. Herein, we report on the use of MOFs as green template to enhance porosity and interconnectivity of the water treatment membranes. MOFs were chosen as the templates because of some of MOFs have relatively low water stability compared to zeolite and silica gel but relatively high stability in organic solvents. Firstly, we studied the dispersion of MOF as filler by embedding less water soluble MOF (F300, iron benzene-1,3,5-tricarboxylate) into polyacrylonitrile (PAN) as a negative control. Secondly, we chose two types of hydrophilic MOF (A100, aluminium terephthalate and C300, copper benzene-1,3,5-tricarboxylate), which is relatively lower water stability than the F300 as the green template. Lastly, the morphology and structure of MOF-based MMMs and PMMs were systematically characterized by field emission scanning electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDX). We speculated that the performance enhancement of pressure driven membrane process is due to the mass transfer coefficient of the PMM increased in ultrafiltration (UF) application.
Results
Firstly, the morphology information and water stability of MOF (A100, C300, and F300) in pure water were shown in Figure 2 . A100 is a grey powder while F300 is an orange powder as observed by naked eyes. Both A100 and F300 showed as irregular shaped fine particle under the observation of FESEM. On the other hand, C300 is a blue powder and stone-like particle under the observation of FESEM. Both A100 and C300 showed relatively low water stability and can be completely dissolved in pure water compared to F300, which showed relatively high water stability and can only partially dissolved in aqueous solution.
The preparation of PMMs is outlined in Figure 3 . MOFs were firstly dispersed in the DMF by ultrasonicating the solution for 1 hour. Polymer and LiCl were then added into the DMF solution followed by stirring for at least 24 h at 60uC until a homogeneous solution was obtained. A casting knife was used to cast the polymer solution onto a clean glass plate. The polymer film was then immersed into the tap water bath at room temperature followed by soaking in continuous flow water bath to completely remove the MOF as well as the excess solvent inside the membrane. The advantages of our strategy including: 1) MOFs were used as green template, which can be easily removed by water without using toxic chemical, strong acid or base; 2) the fabrication process is under mild condition: neutral pH, at room temperature and under atmospheric pressure; 3) the processes is environmental-friendly, which minimizes the use of chemicals and reduces the impact on the environment; 4) our strategy is compatible with the current membrane manufacturing processes without extra steps or modification; 5) MOFs is commercial viable, low cost and could be easily scale-up. Figure 4 showed the FESEM and EDX images of cross sections of PMMs and MMMs. The separation performance and the porosity of the PMMs compared with the control and MMM were shown in Figure 5 . The cross-section images of a control, which represent the commercial UF membrane and a negative control (F300), which represent MOF-based MMM were shown in Figure 4 (a) and (b). The presence of MOF (F300) can still be observed using FESEM and further confirmed by EDX analysis (Figure 4 (c) and (d) ). These results proved that the MOF were successfully incorporated into the polymer matrix and good dispersion was achieved after sonication. Correspondingly, the marginal increased in water permeability and porosity were observed in Figure 5 (a) and (b) . This might be explained by the partial dissolution of F300 under neutral pH condition 49, 50 .
Discussion
More importantly, the successful removal of MOF particle was confirmed by FESEM as shown in Figure 4 (e) and (f). Significant amount of macropores were created in the polymer matrix. As a result, a highly porous PMM C300 with porosity of 8362% based on gravimetric measurement was obtained ( Figure 5 (b) ). Generally, a membrane substrate with high porosity is generally more favored due to increase the mass transfer of water in pressure-driven membrane processes. Indeed, the highly porous matrix ultrafiltration membranes (PMM A100 and PMM C300 ) generally showed higher water permeability without compromising the rejection of dextran. The highest water permeability of 260.5 L/m 2 h bar was achieved for PMM C300 , which probably due to the combination of enhanced porosity and interconnectivity of the ultrafiltration membranes. It is important to note that the dextran rejection did not significantly change between control and highly porous PMM after removal of MOF in the substrate layer, which means the membrane selectivity remain unchanged. Our overall results clearly show that the removal of MOFs in the polymer matrix substantially enhanced the porosity and is a promising strategy for better separation performance of pressure-driven membranes.
In order to determine the residual amount of MOFs inside the PMM membrane, the PMM samples were digested with a mixture of concentrated nitric acid and concentrated hydrochloric acid in the ratio of 351 for 6 hours followed by topping up the concentrated acid solution to 10 mL with water. Precipitates were observed at the bottom of the bottles prior to inductively coupled plasma (ICP) analysis, which can determine metal ions in aqueous solutions down to part per millions (ppm) or even part per billions (ppb) level. Indeed, the PMM F300 has the highest residual percentage of iron (24.066.9 wt%). In comparison, PMM A100 has significantly lower residual percentage of aluminium (8.460.6 wt%) and PMM C300 has the lowest residual percentage of copper (3.860.4 wt%) among the three PMM samples. It is noteworthy that the order of membrane water permeability (F300,A100,C300) coincides with the (reverse) order of water stability and residual percentage of MOF (F300.A100.C300). Thus, one reasonable explanation for the highest water permeability of PMM C300 is the higher water solubility of C300. The enhanced pore connectivity in addition to improved porosity is likely responsible to the marked increased in membrane water permeability. However, the authors admitted that other important parameters, such as the loading, shape, and size of MOF particles, water stability of MOFs, and other types of water soluble MOFs or other kinds of nanomaterials should be optimized to further enhance of the performance of PMM membranes.
In summary, MOF-based MMMs and PMM were systematically synthesized and characterized in this study. PMMs can significantly enhance water permeability in pressure driven membrane processes probably due to the removal of MOF particles in the polymer matrix, which enhanced membrane porosity and interconnectivity of the membrane. More importantly, the current study demonstrates MOFs as green template might have good potential for not only pressure-driven membranes processes but also for carbonaceous nannofiber membranes for selective filtration and separation of nanoparticle 16, 27 , or osmotically-driven membrane process, such as forward osmosis (FO) and pressure-retarded osmosis (PRO) 51, 52 .
Methods
Materials. Polyacrylonitrile (PAN, weight averaged molecular weight Mw ,150,000, Sigma-Aldrich, Lot# MKBN2648V), N,N-dimethylformamide (DMF, $99.8%, Merck), and lithium chloride (LiCl, anhydrous, Merck) were used as the polymer, the solvent, and the pore former, respectively, for casting membrane substrates. Basolite A100 (Aluminium terephthalate or MIL 53, product # 688738, produced by BASF, Sigma-Aldrich, Lot#STBC4615V), Basolite C300 (Copper benzene-1,3,5-tricarboxylate or HKUST-1, product # 688614, produced by BASF, Sigma-Aldrich, Lot#STBC4614V), Basolite F300 (Iron benzene-1,3,5-tricarboxylate or Fe-BTC, product # 690872, produced by BASF, Sigma-Aldrich, Lot#S61151V) were used for membrane preparation. All chemicals were used as received.
Typical procedure for fabrication of porous matrix membrane (PMM). To achieve good dispersion of the particles, 1.0 wt.% of MOF particles were added into DMF followed by ultrasonicating the solution for 1 h. PAN (18 wt.%) and LiCl (2 wt.%) were then added into the DMF solution followed by stirring for at least 24 h at 60uC until a homogeneous solution was obtained. The polymer solution was then cooled down to room temperature overnight without stirring to completely remove any gas bubbles. A casting knife (Elcometer Pte. Ltd., Asia) was used to spread the polymer solution onto a clean glass plate at a gate height of 150 mm. The plate was then immersed into tape water at room temperature for 10 min till the PAN substrate was separated from the glass plate. The resulting membrane substrate was soaked in tap water bath followed by deionized (DI) water rinsing and the resulting membrane was designated as (Control, MMM F300 , PMM A100 , and PMM C300 ).
Membrane characterization. The surface and cross section morphological structures of the prepared PAN membranes were characterized by field emission scanning electron microscope (FESEM, JSM-7600F, USA). A freeze-dryer was used to dry all the membranes samples at room temperature for at least 12 h followed by coated with a uniform platinum layer before observation. Element mapping was detected with the FESEM microscope equipped with energy-dispersive X-ray spectroscopy (EDX, Oxford Instrument, UK). The methods for determining intrinsic separation properties such as pure water permeability and dextran rejection can be found elsewhere 53, 54 . Briefly, all the membranes were tested in a pressurised cross flow filtration setup using an applied pressure of 5 bars and the feed water temperature remained at 20 uC by a circulating cooling system. The effective membrane area was 42 cm 2 . A relatively high cross flow velocity of 20 cm/s and diamond-shaped feed spacers were used to reduce the concentration polarization of feed solutes. By measuring the amount of permeate, the water permeability coefficient A of membranes was determined. The dextran rejection was determined by gel permeation chromatography (GPC, Varian Company, USA) with the difference between the feed water and permeates water. The reported values of A and R are the average value of at least three replicates.
Gravimetric measurement. The membrane porosity, e, was defined as the volume of the pores divided by the total volume of the membrane. It can be determined by gravimetric method, measuring the weight of water contained in the membrane pores. By measuring the dry mass (m dry ) and wet mass (m wet ) of membrane samples, the membrane porosity (e) can be calculated according to following equation (1) where r w and r m are the density of water (1.0 g/cm 3 ) and the density of PAN (1.18 g/ cm
